The effects of hydroxylation at the C8 of a deoxyguanosine residue in DNA were studied by NMR analysis of a self-complementary dodecanucleotide, d(Ci-G2-C3-oh 8 G4-A5-A6-T7-T8-C9-G10-C11-G12), which has an 8-hydroxy-2'-deoxyguanosine (oh 
INTRODUCTION
Deoxyguanosine residues in DNA are hydroxylated at the C8 position to produce 8-hydroxy-2'-deoxyguanosine (oh 8 dG) by various agents that produce oxygen radicals (1 -5) . It has been shown that oh 8 dG can cause mutagenesis in vitro (6, 7) and in vivo (8, 9) . It has also been suggested that 8-hydroxylated deoxyguanosine residues are repaired in vivo (1) .
To elucidate the mechanism of mutation by an oh 8 dG residue in DNA, it is important to know the structural and conformational properties of oh 8 dG. 8-Hydroxydeoxyguanosine has possible tautomeric forms involving Nl, C6, N7, and C8, and two possible glycosidic conformations, anti and syn. Ab initio molecular orbital calculations have suggested that 6,8-diketo is the most energetically stable form of 8-hydroxyguanine (oh^) (10) . Structural studies of 8-hydroxyguanine derivatives, such as 8-hydroxy-2'-deoxyguanosine (11), 8-hydroxyguanosine (12, 13) , and 9-ethyl-8-hydroxyguanine (14) , indicate that the predominant structure is a 6,8-diketo form for the base moiety and a syn form for the glycosidic conformation. Since the dominant tautomeric form of '8-hydroxyguanine' is a keto form, it may be called 8-oxo-7,8-dihydroguanine. However, we will use '8-hydroxyguanine' for convenience sake in this paper.
In vitro misreading of DNA templates containing an oh 8 dG residue was first reported by Kuchino et al. using the conditions of the dideoxy chain termination sequencing method and Klenow fragment of E. coli DNA polymerase I (6) . Recently more detailed analysis was done by Shibutani et al. using a defined DNA replication system with synthetic oligodeoxyribonucleotides and various DNA polymerases (7) . Their results reveal that dCMP and dAMP are incorporated selectively opposite oh 8 dG and the ratio of dCMP/dAMP incorporated varies, depending on the DNA polymerase involved.
To discover the structural effects of hydroxylation at C8 of deoxyguanosine in DNA, we did NMR analysis of a selfcomplementary synthetic deoxyoligonucleotide, d(Cl-G2-C3-G4-A5-A6-T7-T8-C9-G10-Cll-G12), and its 8-hydroxylated derivative in the G4 residue, d (Cl-G2-C3-oh   8   G4-A5-A6-T7-T8-C9-G10-C11-G12) . The parent oligomer, d(CGCGAATTCGCG), has been well studied by NMR (15) (16) (17) and X-ray crystallography (18) ; it takes a B-form double helical structure. In this paper, we report the effects of 8-hydroxylation of the guanine on the thermal stability, the oh 8 G:C base-pairing structure, and the duplex structure as studied by 'H and 31 P NMR spectroscopy.
MATERIALS AND METHODS
The oligonucleotides, dtCGCohSGAATTCGCG) and d(CGCG-AATTCGCG), were synthesized by the phosphotriester method in solution using l-(2-mesitylenesulfonyl)-3-nitro-l,2,4-triazole as the condensing reagent (19) . A^-acetyl-S-methoxy-S'-Omonomethoxytrityl-2'-deoxyguanosine 3'-(o-chlorophenyl) phosphate was prepared by phosphorylation of the protected nucleoside (Inoue,H., etal., paper in preparation) and condensed with 3'-(0-chlorophenyl)-j3-cyanoethyl phosphate derivatives (20) of N-protected deoxynucleosides. Protected or partially protected oligonucleotides were isolated as described (21) . The 12-mer containing 8-methoxydeoxyguanosine (0.03 mmol) was treated with thiophenol (1.0 ml) in DMF (2.0 ml) and triethylamine (1.0 ml) at 40°C for 45 hr under an argon atmosphere. The product containing 8-hydroxydeoxyguanosine was purified by reverse-
• To whom correspondence should be addressed NMR experiments were done on a JEOL GX500 spectrometer (500 MHz for 'H and 202 MHz for 31 P). "H chemical shifts were measured relative to internal 2-methyl-2-propanol (1.23 ppm).
3I P chemical shifts were measured relative to external trimethyl phosphate (5% in ethanol). 'H NMR spectra in H 2 O were obtained with a 1 -1 pulse sequence to suppress the H 2 O signal. The NOE difference spectrum represents the spectrum with an off-resonance preirradiation pulse subtracted from the spectrum with an on-resonance preirradiation pulse. A singlefrequency preirradiation pulse was applied for 0.3 s , giving an irradiated signal saturation of approximately 60%. Twodimensional NOESY and COSY spectra in D 2 O were recorded with 2048 points in t 2 and 256 points in r, (spectral width, 5000 Hz each). The NOESY data were collected in the phase-sensitive mode by the method of States et al. (22) . The solution of the oligomers contained 10 mM sodium phosphate buffer (pH 6. CGCG) duplex is shown in Fig. 2 . The temperature dependences of the line widths for G:C base pairs of d(CGCGAATTCGCG) and d^GCorr^GAATTCGCG) duplexes are compared in Fig.  3 . We observe sequential line broadening of the imino proton resonances of G12, G2, and G10 on raising the temperature for both the duplexes. The assignments were confirmed by NOE experiments at 5°C. For instance, irradiation of the imino proton of oh 8 dG (oh 8 G4NlH of oh 8 G4:C9) at 12.93 ppm gives interbase-pair NOEs to the imino proton signals at 12.85 (G10N1H of C3:G10) and 13.84 (T8N3H of A5:T8) ppm and A5H2 at 7.17 ppm (Fig. 4B) . A pair of NOEs to the C9-NH 2 signals at 6.87 and 8.45 ppm are also observed. An additional exchangeable proton resonance is observed at 10.07 ppm for dtCGCohSGAATTCGCG) duplex (Fig. IB ). An 8-hydroxylated guanine base can have two tautomeric forms. One is an enol form which has a hydroxyl proton at C8, and the other is a keto form which has an imino proton at N7. The resonance at 10.07 ppm can be assigned to an imino proton, because the N7H of 8-hydroxyguanosine resonates at 10.4 ppm in dimethyl sulfoxide (13) . These results strongly suggest that the tautomer for the 8-hydroxyguanine base is a keto form in the dtCGCoh^AATT-CGrCG) duplex. This is consistent with the earlier observation that 8-hydroxyguanine takes a keto form in the 2'-deoxyribonucleoside (11), ribonucleoside (12, 13) , and 9-ethyl derivative (14) . A comparison of the temperature dependence of the line widths (Fig. 3) indicates that the N7H of oh 8 dG exchanges much more rapidly than N1H of the internal dG residues with the solvent H 2 O. Moreover, this imino proton does not give any NOEs to the other protons (Fig. 4C) . These results suggest that N7H of oh 8 dG is not involved in base pairing. However, the assignments for N1H and N7H of olAlG could be reversed since an NOE between N1H and 2-NH 2 is not observed (Fig. 4B, C) . These assignments are confirmed after identification of the base-pairing structure (see Fig. 5 ).
Two base-pairing schemes are possible between the keto form oh^ and C (Fig. 5) . One is a Watson-Crick type base pair with three hydrogen bonds (Fig. 5A) and the other is a Hoogsteen type base pair with two hydrogen bonds (Fig. 5B) . To assign the base pair structure, we compared the temperature dependence of line widths of the imino protons for d(CGCoh 8 GAATT-CGCG) and d(CGCGAATTCGCG) duplexes (Fig. 3) . Each curve for the otfdG derivative shifted to the lower temperature range by about 5°C with respect to the corresponding curve for the parent oligomer; no specific change for the oh^iC base pair is observed. These results suggest that 8-hydroxylation of the guanine does not cause local destabilization of the oh^C base pair but destabilization of the whole duplex. If the oh^C basepair structure is a Hoogsteen type with two hydrogen bonds (Fig.  5B) , local destabilization by the loss of one hydrogen bond should be observed. Therefore these results indicate that the oh^C base-pair structure is a normal Watson-Crick type with three hydrogen bonds (Fig. 5A) Effects on the duplex structure Structural effects of 8-hydroxylation of the guanine were examined by comparison of the imino proton chemical shifts for both the duplexes. A significant difference (> 0.1 ppm) was observed only for the imino protons of G4 and T7 (Fig. 1) , suggesting that the structural change is small and localized. The duplex structure was further examined by measuring 'H NMR spectra in D 2 O for the nonexchangeable protons. Assignment of the nonexchangeable proton signals for d(CGCG-AATTCGCG) was done by Hare et al. using sequential NOE connectivities (NOESY) and scalar coupling connectivities (COSY) (16) . We have assigned the resonances for dtCGCoh^AATTCGCG) in the same way.
The NOE connectivities between the base protons and sugar HI' for d(CCrCoh Fig. 7 . Scalar coupled connectivities between H27H2" and Hl'/H3' for each sugar moiety were observed. When deoxyribose residues take an S-conformation (C2'-endo), which is generally observed in B-DNA, the intensity of the crosspeak between H2" and H3' is weak since the coupling constant between H2" and H3' is small (24) . For the d^GCoh^AATT-CGCG) duplex, all of the cross-peaks between H2" and H3' were very weak, suggesting that all the sugars take an S-conformation. All the nonexchangeable proton resonances except for H5'/H5" were unambiguously assigned by analysis of the NOESY and COSY spectra. The results are presented in Table 1 . The chemical differences between the two oligomers are also given in Table  1 . Significant differences (> 0.1 ppm) are only observed for some sugar protons of C3 and oh 8^ residues. The chemical shift differences will be caused by not only conformational changes but also magnetic environmental changes from hydroxylation at C8 of the deoxyguanosine. These results suggest that the structural changes, if any, are localized near the modified site and the global structures are much the same. This conclusion is supported by the observation that CD spectra of the modified and unmodified duplexes were almost identical (data not shown).
The downfield shift of oh 8 G4H2' (0.70 ppm) was remarkable. A downfield shift of H2' is generally observed when purine nucleosides or nucleotides take a syn conformation (25) , but this shift can be also explained by the diamagnetic anisotropic effect of the keto group at C8 of the oh 8 dG residue taking an and conformation; a downfield shift of H2' by the diamagnetic anisotropy of a keto group is observed in various nucleosides (26) . So we can not define the glycosidic conformation of the oh 8 dG residue from the chemical shift of H2'. For C3 residue on the 5'-side of the oh 8 G4, significant differences were only observed with HI' and H2". They are the closest protons in the C3 residue to the keto group at C8 of oh 8 G4 when the oh 8 dG residue takes an anti conformation. In this case, the downfield shift of C3H1' (0.45 ppm) and C3H2" (0.32 ppm) can be explained by the diamagnetic anisotropic effect of the keto group at C8 of oh 8 G4. For the A5:T8 base pair, which flanks the oh 8 G4:C9 base pair, the chemical shifts of A5H2 and T8N1H did not change. We expected larger chemical shift changes for these protons when the oh 8 dG residue takes a syn conformation. Our results confirm that the orr^dG residue takes an anti conformation in d(CGCoh 8 GAATTCGCG) duplex. It is assumed that the 8-keto group on oh 8 dG can force the C5'-C4' torsion angle of the same residue from gauche* to trans or gauche'. However, no unusual NOE cross-peaks were observed in the H5'/H5"-H2'/H2" region (data not shown).
To examine the phosphodiester backbone conformation, 31 P NMR spectra were measured. All the resonances were observed between -3 and -4 ppm (data not shown), which is in a normal range of phosphorus resonances in B-DNA (17) . These results suggest that 8-hydroxylation of the guanine causes only small changes in the phosphodiester conformation.
Effects on the thermal stability From the analysis of temperature dependence of line widths of the imino protons (Fig. 3) , 8-hydroxylation of the guanine causes destabilization of the 12-mer duplex, as mentioned earlier.
Stability of the duplex was further examined by temperature dependence of the chemical shifts of the nonexchangeable base protons.
The melting temperature (Tm) estimated from the chemical shift-temperature profile of T7H6 resonance is 67°C, 5°C lower than that of the d(CGCGAATTCGCG) duplex (data not shown). The UV-temperature profiles for both duplexes (about 1 A 260 units/ml) also showed a similar difference in Tm: 44°C (modified duplex) versus 47°C (unmodified duplex) in 0.1 M NaCl, 10 mM sodium cacodylate buffer (pH 7.0) (data not shown). It has been reported that oh 8 dG favors a syn conformation (11) because of steric hindrance of the bulky substituent at C8, but the oh 8 dG residue takes an anti conformation in the dtCGCoh^AATTCGCG) duplex. The destabilization of the duplex by the 8-hydroxylation may be due to steric hindrance between the 8-substituent and the sugar. In other words, the unfavorable monomer conformation is compensated for by the favorable duplex conformation.
It should be noted that the chemical shift-temperature profiles showed a single helix-coil transition (data not shown). Under our experimental conditions, no sign of an equilibrium between Watson-Crick type and Hoogsteen type pairing for oh^C was observed.
CONCLUSION
From the 'H NMR data of the oligomers, we concluded that the C8 hydroxylation of the guanine has only a small effect on the d(CGCGAATTCGCG) duplex. The thermal stability of the duplex is decreased but the structural changes, if any, are localized near the modification site.
Although a keto-enol tautomerism is possible for the ohb ase, a keto form is predominant in the d(CGCoh 8 GAATT-CGCG) duplex. This is consistent with previous structural studies of 8-hydroxyguanine derivatives, such as 8-hydroxy-2'-deoxyguanosine (11), 8-hydroxyguanosine (12, 13) , and 9-ethyl-8-hydroxyguanine (14) . For the oh^C base pairing, there are two possible base-pairing structures, which have different numbers of hydrogen bonds (Fig. 5) . We showed that the oh^C base-pair structure in the 12-mer duplex is a normal Watson-Crick type that involves three hydrogen bonds under our experimental conditions. This means that both oh 8 dG and dC residues take an anti glycosidic conformation in the DNA duplex whereas the anti conformation is not favored by 8-substituted purine nucleosides (11) (12) (13) . The alternative Hoogsteen type base pairing (Fig. 5B) , which involves a syn conformation of oh 8 dG, may not be favorable because it contains only two hydrogen bonds and a repulsion between two polar carbonyl groups is expected. These results are consistent with the finding that dCMP can be predominantly incorporated opposite oh 8 dG in a model DNA replication system with certain DNA polymerases (7) .
The keto form of oh 8 dG produces an additional proton donor at N7; this is an important difference between oh 8 dG and dG. It seems that the additional proton donor site enables oh 8 dG to form relatively stable base pairs not only with cytosine but also with adenine (7, 27) . Recent NMR studies on an oligodeoxyribonucleotide duplex containing an oh (27) . In this case, the Hoogsteen type base pair may not be unstable because a similar G{syny.A(antf) base pair is observed for DNA oligomer duplexes in solution (28) as well as in crystals (29) under acidic conditions. This base-pairing structure seems to be responsible for misreading during DNA replication (7) which leads to mutagenesis (8, 9) .
